Coal-smoke emissions of a thermal power plant affected the physio-chemical status of Peristrophe bicalyculata (Reth) Nees, as observed at the pre-flowering, flowering and post-flowering stages of plant growth. The nitrate level was raised while nitrate reductase activity, and the soluble protein content of leaf declined heavily at the polluted site during different stages of plant growth, compared to the control. The rate of photosynthesis also decreased under the pollution stress. Sugar level in root, stem and leaves increased with growing age of the plant but was always lower at the polluted site than at the reference site. In roots, the difference was marginal till flowering stage and quite conspicuous afterwards; stems showed a reverse pattern of variation. Sulphur content was higher at the polluted site in all the organs and at each stage of the plant life. The Zn and Fe concentrations were reduced in all plant parts under the pollution stress. Copper content in root was consistently low at the polluted site. In the stem and leaves, however, it was almost equal on both the sites at the pre-flowering stage but showed a wide difference during the later part of plant ontogeny.
Introduction
During the past few decades quite a few thermal power plants have been commissioned in India to cater to the increasing energy requirements. Most of these power plants are coal based and emit a complex mixture of several gases such as CO 2 , SO 2 , HF, NO x , and the fly ash in the atmosphere during the combustion of coal. Among these, SO 2 forms the major phytotoxic pollutant. The global anthropogenic SO 2 emissions were estimated to be 30-36 times greater than the natural SO 2 emissions (Freedman 1989) .
Pollutants induce chemical changes in plant tissues, which then affect metabolic and growth processes and/or cause appearance of visible symptoms and damage (Dhir et al. 1999; Nighat et al. 1999 Nighat et al. , 2000 Wali et al. 2007) . Several studies have reported degradation of membrane lipids with possible hydrolysis of proteins inducing quantitative changes in amino acid composition and an increase in reducing sugars prior to the appearance of visible symptoms (Malhotra & Sarkar 1979) . Variations due to environmental stress in the biochemistry of plant tissues are little explored in relation to the growing age of the plant. The present study explores the effect of coal-smoke pollution on some biochemical parameters and osmolyte levels during the different growth stages of Peristrophe bicalyculata (Reth) Nees growing in the vicinity of a coal-based thermal power plant.
Material and methods

Plant description
Peristrophe bicalyculata (Reth) Nees of the family Acanthaceae is an erect, hispid herb or under shrub; 60-180 cm high, found in the forests under growth, hedges and on wastelands almost throughout India. Leaves are ovate, acuminate and pubescent; flowers rose purple or pink, in lax panicles; capsules pointed, narrowed into a cylindrical stalk; seeds orbicular, papillose and slightly rugose. The plant is used as fodder for horses and in southern India as a green manure. A yellowish brown essential oil (mp: 33-36 • C) obtained by steam distillation has shown in vitro tuberculostatic activity, inhibiting growth of various strains of Mycobacterium tuberculosis (Burkill 1935) .
Site description
The study was carried out around the Kasimpur Thermal Power Plant (KTPP) in the Aligarh district of Uttar Pradesh, India. The district lies in the north-west of Uttar Pradesh (a northern state of India) in a fertile agricultural area of the Ganga-Jamuna doab, between 27 • 29 N and 28 • 11 N latitude and between 77 • 29 E and 78 • 38 E longitude. Kasimpur lies about 187 meters above the sea level.
KTPP is one of the three major thermal power plants of Uttar Pradesh and consists of three power stations having a capacity of 90 MW, 210 MW and 230 MW electricity generations, respectively. The complex runs on the bituminous coal that has 2.92% moisture, 22.20% ash, 31.86% volatile matters including 0.49% sulphur, 5.61% hydrogen, 5.24% nitrogen, 20.23% oxygen and 42.45% fixed carbon on an average. About 4194 metric tons coal per day is burnt giving rise to emissions of approximately 0.0169 ppm h −1 SO2, 0.300 ppm h −1 NOx and 6.854 ppm h −1 CO2 ( Table 1 ). The soil of the sites is of a loam and clayey loam type, with a high pH (between 8 and 8.5) and a poor drainage system. The area experiences the dry tropical monsoon climate.
Methodology
Ten mature plants of P. bicalyculata were randomly collected each from the polluted site (6 km from KTPP; the maximally affected area) and the reference site (University Campus, Aligarh) at three time points, viz., at the preflowering, flowering and post-flowering stage of the plants' life. The nitrate content of leaves was estimated by the hydrazine method of Grover et al. (1978) using charcoal-based extracts measured spectrophotometrically at 540 nm after treatment with chilled acetone, sulphanilamide and NEDD (naphthyl ethylene diamine dihydrochloride). NRA (nitrate reductase activity) in leaves was estimated using KNO3 and phosphate buffer. The aliquot taken with sulphanilamide and NEDD, was processed by the method of Klepper et al. (1971) . The total soluble protein in leaf tissues was measured in phosphate buffer extracts at 595 nm after reaction with TCA (trichloroacetic acid) and the Bradford reagent (Bradford 1976) . Bovine serum albumin was used as standard for determining protein concentrations. The chlorophyll content of leaves was estimated following the Arnon (1949) method, using the leaf extract in cold acetone and measuring the optical density at 645 and 663 nm on a DU640 spectrophotometer. The rate of photosynthesis in fully-expanded intact leaves was measured with the help of a LI-6200 portable photosynthesis system (LICOR, Lincoln, Nabraska, USA). For soluble sugars, different plant materials (root, stem and leaves) boiled separately in ethanol and treated with phenol and sulphuric acid were analysed spectrophotometrically by measuring the optical density at 485 nm. Sugar concentration was determined against a standard curve obtained for glucose solution (Dey & Harborne 1990) . The quantity of sulphur in the three plant parts was estimated using the digested plant sample as per the method of Chesnin & Yein (1950) . The aliquot was treated with BaCL2 and gum acacia solution and the optical density was measured at 415 nm. Quantities of zinc, iron and copper were determined by the atomic absorption spectrometer (Model 5000, Perkin Elmer, USA) using the plant samples digested with HNO3 and HClO4. Three replicates were used for each of the 10 plants of a sample. The level of significance of the variations observed was determined by the Student's t-test.
Results
Analysis of leaf tissues demonstrated that leaf nitrate content decreased with plant age both at the reference and the polluted sites. However, the amounts were significantly higher in all corresponding stages of plant development at the polluted sites, the difference being maximum (217%) at the pre-flowering stage (Fig. 1 ). Nitrate reductase activity (NRA) in leaves also decreased with plant age. It was further reduced at the polluted site, significantly in the first two stages but non-significantly at the post-flowering stage, compared to the control. Percent variation thus declined consistently (from 42% to 16%) with the growing plant age. Quantitative estimation of total soluble protein in the leaf revealed a decrease in protein content with increasing age of the plant. Compared with the control, protein content was low at the polluted site, showing a significant and almost equal difference at each growth stage (Fig. 1) . The net photosynthetic rate increased with the plant age. Under the pollution stress it was relatively low (Fig. 2) , the difference being quite significant (up to 65%) till the flowering, and only marginal (16%) during the post-flowering phase. The reduced rate of photosynthesis reflected in the production as well as in the allocation of the photosynthate. The soluble sugar in roots, stems and leaves normally gained in concentration with the growing plant age (Fig. 3) . Under the pollution stress, sugar content of the root was lower than in the control, the difference was little (3-4%) till the flowering stage but became considerably huge (24%) at the post-flowering stage. In the case of the stem, the variation pattern was just reverse, the maximal difference (15-17%) occurring in the two earlier stages and a marginal one (3%) at the post-flowering stage. In the leaves of the stressed plants, the maximum decline in comparison with the control figured at the flowering stage ( Fig. 3) . Figure 4 presents data on the sulphur content in different plant parts. S level in roots declined with increasing age of the plant at both the sites. It was just reverse in stems and leaves. At the polluted site, sulphur content was relatively higher in each organ at each stage of plant growth (Fig. 4) . The percent variation of S content in roots increased consistently (from 64% to 164%) with plant age; in the aerial plant parts it was maximum (57% in stem, 88% in leaves) at the flowering stage.
Zinc concentration in the root was almost comparable at pre-flowering and flowering stages, but relatively low at the post-flowering stage both in the normal and the polluted conditions. Zn level was low at each sampling stage under the pollution stress in comparison with the control (Fig. 5) . The greatest loss (99%) was noticed at the post-flowering stage. On the other hand, zinc concentration in the stem, nearly constant at the first two stages, was highest in the post-flowering phase under normal conditions. At the polluted site, no zinc was detectable at the pre-flowering stage; it showed a rising trend in the subsequent stages. However, Zn level remained significantly low in comparison with the reference site. The variation declined (from 100% to 60%) with increasing age of the plant. In the case of leaves, the ontogenetic variation of zinc content was almost similar to that in the stem. At each stage of plant development, it was lower at the polluted site than at the non-polluted one (Fig. 5) . The variation between the values at the two sites was maximum (83%) at the pre-flowering stage. Iron concentration in the three plant parts showed a more or less decreasing trend with growing plant age at both habitats. It was consistently low at the polluted site ( Fig. 6) , Fe concentration in the root was much reduced in young plants, the difference narrowing down at later stages of plant growth. The loss was thus maximum (47%) at the pre-flowering stage. In the stem and leaves, the iron deficiency was most apparent at the flowering stage. Copper concentration in roots was maximum at the pre-flowering stage and minimum at the flowering stage, whereas in the stem and leaves it was increasing with age of the plant at both the sites (Fig. 7) . Maximum variation between the polluted and non-polluted samples of root and stem was observed at the postflowering stage. In the stem and leaves, the copper level at the pre-flowering stage was equal at both sites. At later stages, it was conspicuously lower at the polluted site than at the reference site, the maximum variation occurring at the post-flowering stage for the stem and at the flowering stage for the leaves (Fig. 7) .
Discussion
In the present study, leaves of Peristrophe bicalyculata growing at the polluted site maintained a significantly higher nitrate concentration throughout the plant life, compared with the control. High levels of nitrate assimilation have been noted in fast-growing pioneer species, such as Populus deltoids, which can readily reduce NR activity in the leaves to accommodate increased availability of nitrate from the soil (Soares et al. 1995) . The NR activity normally has a negative correlation with nitrate concentration, as observed also in the present study. Inhibition of NR activity due to environmental stress, as demonstrated by this study, has been reported in the leaves of several crop plants (Borland & Lea 1991; Huang et al. 1993 ).
The present study has brought out a considerably low protein content of the pollution-affected leaves that could be due to either a breakdown of the existing proteins or a decline in protein synthesis, thus leading to increase in the free amino acid pool (Malhora & Khan 1984) . On exposure to SO 2 , either the proteinsynthesizing enzyme is disrupted or the internal ionic media are altered (Williams & Banerjee 1995) . Reduction of protein content might be a reflection of decreased photosynthesis.
Photosynthesis is one of the foremost processes to be affected by coal-smoke pollution . In the present investigation, the highest reduc- tion (65%) in the rate of photosynthesis was recorded at the pre-flowering stage. This shows a positive correlation with chlorophyll concentration in the leaves (Nighat et al. 1999) . The decline in photosynthesis due to pollutants may be via damage to the intersystem electron transport (Ishibashi et al. 1997 ), or to the reduced enzymatic activity (Joshi et al. 1993) . A better photosynthetic rate in the late growth phase is indicative of a recovery process, which may be correlated to a greater availability of nitrogen in the leaf tissue. In P. bicalyculata, the leaves are highly sensitive to pollution load. The extent of leaf damage is closely related to the stomatal functioning and ultimately tells upon the metabolic and growth phenomena of the plant (Nighat et al. 1999) .
The photosynthetic activity also depends on the quantity and quality of chloroplast pigments. The total chlorophyll content in P. bicalyculata was relatively low under environmental stress, showing the maximum loss at early stage of plant growth (Nighat et al. 1999) . Chlorophyll b was more significantly affected than chlorophyll a, possibly due to induced chlorophyllase activity or inhibition of chlorophyll b synthesis (Nighat et al. 1999) . Chloroplast damage by coal-dust pollution may cause reduction in chlorophyll concentration in the polluted leaves (Pandey et al. 1991) . Exposure to pollutants, as also the N deficiency, may inhibit chlorophyll biosynthesis . SO 2 pollution may reduce chlorophyll contents due to production of superoxide radicals as a result of the reaction of sulphite with chlorophyll under illumination (Shimazaki et al. 1980; Williams & Banerjee 1995) . It is suggested that at pH 2.2-3.5, free H + ions are generated in the cell due to the split of HSO 3 in SO 3 and H + , and displace Mg ++ from tetrapyrol ring of the chlorophyll molecule to degrade it into a pheophytin molecule (Shimazaki et al. 1980; Suwannapinunt & Kozlowski 1980) which is photosynthetically inactive.
The carbohydrate or sugar estimates of plant samples indicate that the pollutants often reduce plant productivity . Accumulation of reducing sugar and depletion of starch were reported in Mangifera indica and Psidium guajava growing under pollution stress (Kumar & Singh 1988) . Increase in reducing sugars and decrease in non-reducing sugars oc-curred in pine seedlings as a result of SO 2 pollution (Malhotra & Sarkar 1979) . Sugar level in the roots of pollution-affected P. bicalyculata was low, marginally at the pre-flowering stage and significantly during the later stages. In the stem, the variation trend was almost reverse. The sugar content in leaves was maximally reduced during the flowering stage.
Since SO 2 is one of the major pollutants being emitted from the thermal power plants, it may be able to alter concentration and dynamics of sulphur in plant organs. The patterns of leaf sulphur concentration of a given species at various stages of plant development are a function of the uptake of both soil and atmospheric sulphur. A large portion of sulphur uptake early in the growing season could be from the soil; this must explain the presence of sulphur in the leaves of plants growing at the reference site. The total sulphur accumulated on the leaf surface has been used as an indicator of SO 2 stress in many studies (Agrawal 2003) . In the present investigation, sulphur concentration was invariably greater under the pollution stress. S content of stem and leaves increased but the one of roots decreased with the age of the plant. The rate of increase in sulphur accumulation may decline due to reduction in S-uptake when S content of the plant is already high.
Zinc, an essential trace nutrient for higher plants, is a component of several enzyme systems regulating various physiological and biochemical activities in plants.
Being associated with auxin formation, it takes part in regulation of shoot and root elongation and cell enlargement (Prasad & Hagemeyer 1999; Umar et al. 2005) . In Peristrophe plants, zinc concentration goes down in the root, stem and leaves at the polluted sites. While deficiency of zinc may cause significant changes in plant metabolism, resulting in growth retardation and chlorosis, its excess accumulation makes shoots stunted and chlorotic (Mahmooduzzafar et al. 2003; Khudsar et al. 2008) . High zinc concentration may inhibit photosynthesis and NR activity (Khudsar et al. 2004 (Khudsar et al. , 2008 and also induce callose deposition on sieve plates in the phloem (Peterson & Rauser 1979) , thus affecting the transport of photosynthates. Balsberg (1989) suggests that during biosynthesis of chlorophyll, zinc must compete with iron, leading to chlorosis, which is often attributed to iron deficiency. Iron (Fe) contents of root, stem and leaves of the species under study were low under the influence of coal-smoke pollution throughout the course of plant development. Whereas Fe level may be low due to the presence of other metal ions such as Cd (Moral et al. 1994) , it can be high at the SO 2 -polluted sites (Meng et al. 1995) . Khan et al. (1997) have noted a general decline in Fe mobility with increasing dose of soil organic matter. Since iron acts as a catalyst for the production of chlorophyll, its deficiency affects iron-porphyrinprotein complex, which is bound to inhibit photosynthesis.
Copper (Cu), another essential micronutrient for normal plant growth, forms part of several enzymes involved in carbohydrate and nitrogen metabolisms. In the present study, Cu content was consistently low at the polluted site. In stems and leaves, the copper content at early stage of plant growth was almost equal at both sites. However, during the later stages of plant growth, Cu content at the polluted site could not keep pace with its rising trend at the reference site. Since copper may interfere with the specific enzymatic reactions that need iron (Balsberg 1989) , Cu deficiency may cause imbalance in the availability of Fe in plant cells. Although coal combustion is likely to release Cu in the atmosphere, the Peristrophe plants of the polluted site experienced a conceivable copper deficiency, perhaps due to enhanced leaching process in the soil that increases soil acidity. The nutrient losses may be too small to cause a serious damage to plants in a short period but may affect plant health in the long run. Whereas low copper levels are known to retard axis growth and grain dry weight (Balsberg 1989) , excessive amounts also suppress chlorophyll synthesis and plant yield (Gangopadhyay & Santra 1996) .
